Beam confinement in periodic permanent magnet (PPM) focusing klystrons, is a major concern for successful operation of these devices. In an effort to study beam dynamics and confinement for PPM focusing klystrons, we present a model for a relativistic highly bunched beam propagating through a perfectly conducting cylinder in a PPM focusing field.
INTRODUCTION
The confinement of intense charged-particle beams is an important subject in beam physics [ 11 and plasma physics [2] . The confinement of intense electron beams is also important to the development of rf-accelerators and highpower microwave (HPM) sources [3] , such as klystrons, traveling wave tubes and backward wave oscillators. Recently, beam loss, which is related to beam confinement, has been measured in a number of highintensity accelerator and high-power microwave experiments. For example, beam power losses have been observed in several periodic permanent magnet (PPM) focusing klystrons [4] at the Stanford Linear Accelerator Center and in other HPM sources elsewhere [5] .
DESCRIPTION OF MODEL
The present model begins with a relativistic Hamiltonian description of a collinear periodic distribution of electron bunches moving in a perfectly conducting cylindrical pipe of radius a. The electrons are focused transversely by an applied PPM focusing field. Assuming the beam is strongly bunched longitudinally by an rf field, and has a negligibly small transverse size, we approximate the beam bunches by periodic point charges with a periodic spacing of L . In terms of klystron parameters, L corresponds to v , / f , where v, = ,4,c is the average velocity of the bunches moving parallel to the pipe axis, and f is the operating frequency of the klystron. Figure 1 shows a diagram of the system. may be calculated by solving Poisson's equation. In a previous paper [6] , the authors utilized a Green's function approach to compute the electrostatic potential 4, : : ; . The result is given by [6] Here, yb =(1-pi)-1/2, i = 2 n r / j b L , a=2m/jbL, and I , ( x ) and K , ( x ) are the lth-order modified Bessel functions of the first and second kind, respectively. Using the Lorentz transformation, we find that erer = yb4r$ and Asef = ybpbq3r::6z = pb@ser&z .
CONFINEMENT CRITERION
As is demonstrated in (7) , the Hamiltonian may be canonically transformed and decomposed into longitudinal and transverse components, since the longitudinal beam energy is much greater than the corresponding transverse energy in a klystron or an rfaccelerator device. 6) is equal to the self-field parameter 2~: / w~* ,~ in the rest frame, where mi = (4mZ /meXN/mzy,L) is the effective plasma frequency squared. This self-field parameter limit is similar to a limit that the authors computed for a uniform-focusing magnetic field, B" = B i z [6] . The only difference is that the rms magnetic field on the left-hand side of Eq. (6) should be replaced by B . Figure 2 shows a plot of the right-hand side of Eq. (5) versus the parameter a . In the limit where the bunch spacing is small compared to the pipe radius,
i.e. a >> 1 , the system resembles a continuous beam. , and recovers the Brillouin density limit [8] for PPM focusing. However, the more relevant limit for high-power klystrons is when the bunch spacing is much larger than the pipe radius, i.e., a << 1 . Numerical analysis shows that equation (6) becomes 2 4 /o&,,~ 5 2a/ybL, which is much less than the Brillouin density limit.
EXPERIMENTAL APPLICATIONS
We now apply the beam confinement condition in Eq. (6) to three recent PPM focusing klystron experiments at SLAC, namely, the X-band 50 MW XL-PPM and 75 MW XP klystrons [4, 9] and the W-band Klystrino [lo] . The parameters for all three klystrons are listed in Table 1 , and their operating points are marked with letter a, b and c in Fig. 2 , respectively. The X-band klystrons were designed and tested for the NLC, whereas the W-band klystrino was designed for sub-millimeter radar applications. As shown in Fig. 2 and Table 1 , all three klystrons operate in the regime of a << 1 and near the self-field parameter limit. Because the 50 MW klystron operates slightly below the confinement limit, a mild beam loss still occurs in this device [4] through beam halo formatior? as reported previously [11, 12] . The 75-MW XP is operating outside of the confinement limit. This suggests that the 75 MW klystron has greater beam loss than its 50 MW counterpart, which is consistent with more pronounced Xray emissions measured at the output section of the device [9] . The Klystrino design parameters fall just inside of the theoretical limit, suggesting a marginally stable beamwall interaction. There are two methods of avoiding the space-charge limitation posed by Eq. (6) . One method is to increase the magnetic field by using a hybrid combination of PPM and external solenoidal fields. Another technique is to increase the beam tunnel radius, but this may lead to unwanted mode competition.
SUMMARY
To summarize, we presented a center-of-mass model for a tightly bunched electron beam in a periodic permanent magnet (PPM) focusing klystron. By analyzing the Hamiltonian dynamics of a train of collinear periodic point charges interacting with a conducting drift tube, an rf field, and an applied PPM focusing field, we derived a space-charge limit for the radial confinement of lightly bunched electron beams, which is significantly below the well-known Brillouin density limit for a continuous beam. We found that several state-of-the-art PPM klystrons developed at SLAC operate close to this limit, thereby shedding some light on the origin of observed beam losses. A further study of PPM confinement, which includes multi-particle simulations in each bunch, is needed to make a more accurate estimate on the amount of beam loss in klystrons. 
